R-loops are three-stranded nucleic acid structures found abundantly, and yet often viewed as byproducts of transcription. Studying cells from patients with a motor neuron disease (amyotrophic lateral sclerosis 4, ALS4) due to a mutation in senataxin, we uncovered how R-loops promote transcription. In ALS4 patients, the senataxin mutation depletes R-loops with a consequent effect * Please send correspondence to KHF (fischbeck@ninds.nih.gov); VGC (vgcheung@med.umich.edu); Lead Corresponding Author: VGC (vgcheung@med.umich.edu).
Introduction
R-loops are three-stranded nucleic acid structures comprised of an RNA-DNA hybrid and a single-stranded DNA. After exiting RNA polymerase, nascent RNA is in close proximity to its negatively supercoiled DNA template; this promotes the formation of an RNA-DNA hybrid leading to the displacement of a DNA strand. In the 1990s, Crouch and others began to detail transcription-dependent R-loops (Drolet et al., 1995) . Since then, studies have shown that R-loops are stable and abundant structures (Chan et al., 2014; El Hage et al., 2014; Wahba et al., 2016) .
However, information on whether R-loops are merely by-products or an integral part of transcription remains limited. Much of the focus has been on the single-stranded DNAs in the three-stranded structures, as unpaired DNA strands are prone to damage (reviewed in (Aguilera and Gómez-González, 2008; Chaudhuri and Alt, 2004; Sollier and Cimprich, 2015; Stork et al., 2016) ). R-loops have been associated with human diseases, including disorders due to repeat expansions such as Friedreich ataxia, fragile X syndrome (Groh et al., 2014; Lin et al., 2010; Reddy et al., 2011) , and C9orf72-mediated amyotrophic lateral sclerosis (ALS) (Reddy et al., 2011; Zhang et al., 2015) . R-loops are found in regions such as CpG islands (Ginno et al., 2013; Skourti-Stathaki and Proudfoot, 2014) where interactions with regulatory proteins take place. But, there is inadequate information on how R-loops interact with proteins and the functional consequences of those interactions. Many regulatory proteins act by specific binding to different nucleic acids. Some interact with double-stranded DNA, others with single-stranded DNA or even RNA-DNA hybrids. For example, the telomeric protein, POT1, binds to and protects G-rich DNA, and facilitates telomerase activity (Baumann and Cech, 2001; Nandakumar et al., 2010) . The specificity of protein-nucleic acid interaction is critical for cellular functions. We posit that different sets of proteins interact with R-loops than with their single-stranded RNA or double-stranded DNA counterparts, and the specificity of these interactions confers a regulatory role on Rloops.
R-loops are not "fixed" structures; instead their formation and/or resolution are dynamic. Organisms from Escherichia coli to yeast and human have proteins that resolve R-loops.
These include DNA topoisomerase (Pruss et al., 1982) , RNase H (Cerritelli and Crouch, 2009; Drolet et al., 1995) and senataxin (Skourti-Stathaki et al., 2011) . SEN1 was first identified by Culbertson and colleagues in saccharomyces cerevisiae as an tRNA splicing endonuclease (thus named as SEN1) (DeMarini et al., 1992; Winey and Culbertson, 1988) . In mapping the gene for an autosomal recessive disorder, ataxia-ocular apraxia, Koenig and colleagues found mutations in the human homologue of SEN1, they then named the human gene as senataxin, SETX (Moreira et al., 2004) . Soon after, mutation in senataxin was also identified in amyotrophic lateral sclerosis 4, ALS4, an autosomal dominant motor neuron disorder (Chen et al., 2004) . In saccharomyces cerevisiae to schizosaccharomyces pombe and mammalian cells, senataxin plays multiples roles in RNA processing including as an RNA/DNA helicase that resolves R-loops (Kim et al., 1999; Martin-Tumasz and Brow, 2015; Skourti-Stathaki et al., 2011) . However, whether SETX mutations affect R-loop abundance, and if so how they contribute to neurodegeneration remains largely unknown (Groh et al., 2017; Yüce and West, 2013) .
Here, cells from ALS4 patients with a senataxin mutation (Chen et al., 2004 ) allowed us to uncover how R-loops regulate transcription. ALS4 is characterized by early onset weakness and slow progression of symptoms. Although the causative genetic mutation was identified more than 10 years ago (Chen et al., 2004) , how the mutation affects senataxin function is yet to be determined. In this study, we found that the senataxin mutation in ALS4 leads to a decrease in R-loops. This provided us with an opportunity to assess the function of R-loops. We show that ALS4 patients have fewer R-loops at the promoter of BAMBI, a pseudoreceptor which negatively regulates TGFβ (Onichtchouk et al., 1999) . The decrease in R-loops unmasks the BAMBI promoter, and facilitates DNA methylation by DNA methyltransferase 1 (DNMT1). As a result, BAMBI is silenced which leads to the activation of TGFβ signaling. Target genes such as BMP2 and helix-loop-helix transcription factors ID1 and ID2 that play a key role in neuronal differentiation (Shah et al., 1996; Vierbuchen et al., 2010) are upregulated. To assess whether R-loops regulate transcription of other genes besides BAMBI, we carried out genome-wide analyses and found that R-loops decrease DNA methylation at over 1,200 gene promoters. Then to determine how R-loops regulate transcription, we uncovered that DNA methyltransferase binds to dsDNA more avidly than to RNA/DNA hybrid; thus, genes with R-loops in their promoters are less methylated, and have higher gene expression levels. Together, our results show that R-loops provide positive feedback to promote transcription. By forming R-loops, nascent RNA facilitates its own transcription by blocking methylation-mediated gene silencing.
Results

Clinical manifestations of ALS4
Our study subjects are members of a multigenerational ALS4 family with a known senataxin mutation, L389S (Chen et al., 2004) . We obtained blood samples and skin biopsies from subjects with and without the senataxin mutation. Spinal cord and motor cortex from autopsies were also included.
Key clinical characteristics of ALS4 include hyperreflexia and progressive distalpredominant weakness consistent with upper and lower motor neuron disease, as reported previously (Chen et al., 2004) . Features that distinguish ALS4 from sporadic ALS include early onset, slow progression, and lack of bulbar involvement ( Figure 1A ). Denervation was found on EMG ( Figure 1A ). The average creatine kinase level was 394 U/L, higher than the control group (106 U/L, P=0.03). The alpha fetoprotein (AFP) level was also higher on average in the ALS4 subjects (2.4 ng/ml) compared to the controls (1.6 ng/ml, P=0.03). Ten patients had thigh muscle MRIs, which showed a reduction in myofiber volume with disease duration (R 2 =0.54, P= 0.02) ( Figure 1B ), consistent with progressive denervation and muscle atrophy.
R-loops are reduced in ALS4
We began by assessing the molecular effects of the senataxin mutation. Expression data from public databases ( Figure S1A ) and experimental results in this study (Figure S1B) show that senataxin is expressed in most if not all cell types. There are three major isoforms of senataxin, all of which include the L389S mutation in exon 10. Expression levels of senataxin mRNA and protein are not altered by the mutation (Figure S1C, D) . This prompted us to ask whether the mutation affects senataxin function; we began by measuring the abundance of R-loops since as an RNA-DNA helicase, a key function of senataxin is to resolve R-loops (Kim et al., 1999; Martin-Tumasz and Brow, 2015; Skourti-Stathaki et al., 2011) .
To detect R-loops, we used the well-established S9.6 antibody along with RNase H1 treatment to ensure specificity of the signals (Boguslawski et al., 1986) . RNase H hydrolyzes the RNA in R-loops (Cerritelli and Crouch, 2009; Drolet et al., 1995) , and is used in many studies to validate the specificity of the S9.6 antibody. We showed that our S9.6 signal is abolished by treatment with RNase H ( Figure S2 ). Following that, we assessed R-loops in our patients' cells. The results show a decreased S9.6 dot-blot staining, indicating an overall decrease in R-loop abundance in fibroblasts from ALS4 patients compared to controls (Figure 2A ). By immunostaining, we also measured the abundance of R-loops in primary fibroblasts, spinal cord, and motor cortex from patients and controls. In all three types of samples, there were significantly fewer R-loops (P<0.001) in ALS4 patients compared to controls ( Figure 2B-D) . To check that the lower R-loop abundance in ALS4 cells is due to the senataxin mutation, we overexpressed wildtype and L389S mutant forms of senataxin in fibroblasts. The overexpression of the mutant L389S senataxin led to fewer R-loops, thus recapitulating the feature in patient cells (Figure 2E, 2F) . Together, these results show that across different cell types, the senataxin mutation results in fewer R-loops, perhaps from a gain of helicase function which is consistent with an autosomal dominant mode of inheritance.
ALS4 cells have low BAMBI expression and high TGFβ signaling
R-loops form co-transcriptionally; however, whether these R-loops have functional consequences or are merely unwanted products has been unclear. The ALS4 cells with fewer R-loops provide an opportunity to address this question. Initially, we compared gene expression by RNA-sequencing of fibroblasts from patients and controls. The differentiallyexpressed genes are highly enriched for activation of the TGFβ pathway (P<<10 −10 ; Figure  S3A , Table S1 ). Figure 3A shows a scatter plot of the differentially expressed genes; genes that point to activation of the TGFβ pathway in ALS4 are highlighted. Since this pathway is known to be important in motor neurons (Colavita et al., 1998; Martinou et al., 1990 ) and previous studies have implicated TGFβ in ALS (Endo et al., 2015; Houi et al., 2002; Nakamura et al., 2008; Phatnani et al., 2013) , we focused on this pathway, and measured gene expression from additional individuals. Of the 77 genes that we examined, the expression of 47 genes differed by 20% or more between ALS4 patients and controls ( Figure  3B ). Among them, 36 genes including BMPs, SMADs and inhibins were expressed at higher levels in the patients than the controls. Consistent with activation of the TGFβ signaling, BAMBI which encodes a key negative regulator is expressed at a lower level in the patients.
BAMBI is a pseudoreceptor that lacks an intracellular kinase domain, and thus cannot initiate signaling (Onichtchouk et al., 1999) . Binding of TGFβ to the TGFβ receptors activates the signaling cascade by phosphorylation of receptor-regulated SMAD proteins such as SMAD2/3 (Eppert et al., 1996; Macías-Silva et al., 1996; Wrana et al., 1994) . BAMBI interacts with the TGFβ receptors and negatively modulates signaling by deterring the formation of functional receptors (Onichtchouk et al., 1999) . Lower BAMBI expression results in more activated TGFβ pathway, as the TGFβ receptors are free to initiate signaling. To check that BAMBI is indeed acting as a negative regulator in our cells, we knocked down BAMBI ( Figure S3B ) and confirmed this results in activation of the TGFβ pathway. Upon silencing of BAMBI, as expected we found an increase in phosphorylation of SMAD2/3 ( Figure S3C ) and expression of the downstream targets of the TGFβ pathway ( Figure S3D ). Thus, knockdown of BAMBI recapitulated the expression pattern in ALS4 cells for the TGFβ pathway ( Figure S3D ). Given this critical role, we examined the expression of BAMBI in additional samples, and confirmed that its expression level in ALS4 patients is lower (by 65%) than that of controls ( Figure S3E ).
The TGFβ pathway is activated in neurons of ALS4 patients
We next sought to evaluate whether the changes in TGFβ signaling identified in patient fibroblasts are similarly disrupted in the relevant tissues for a motor neuron disease. We measured the expression levels of BMP2 and phosphorylated SMAD2/3 which were previously studied in the spinal cord (Katsuno et al., 2010; Nakamura et al., 2008) . The expression levels of phosphorylated SMAD2/3 are important since they are the first proteins to be activated in TGFβ signaling (Eppert et al., 1996; Macías-Silva et al., 1996) . We found significantly higher levels of BMP2 (P<0.01) and pSMAD2/3 (P<0.001) in the anterior horn of the ALS4 patient spinal cord by immunofluorescence, consistent with an activation of TGFβ signaling in motor neurons and neighboring cells ( Figure 3C, 3D ). We also found ID1 transcript levels to be ~50% higher in a patient's spinal cord relative to controls ( Figure  S3F ). Together, our results show an overactive TGFβ pathway in ALS4 patients.
ALS4 cells have fewer promoter R-loops and lower BAMBI expression
Next, we asked whether the low BAMBI expression can be explained by altered R-loops in ALS4. In Figure 2 , we show fewer R-loops globally in cells from ALS4 patients. Here we examined R-loops at the BAMBI gene. The promoter region of BAMBI is particularly GC rich and shows high GC skewing ( Figure 4A) , which results in G-rich non-template DNA strand that can promote R-loop formation (Ginno et al., 2012; Hamperl and Cimprich, 2014; Yu et al., 2003) . To investigate if there are R-loops in the promoter region of BAMBI, we carried out DNA-RNA immunoprecipitation with the S9.6 antibody (S9.6 DRIP). The results confirmed the known R-loops in β-actin (Skourti-Stathaki et al., 2011) , and uncovered R-loops in the promoter regions of BAMBI. Figure 4B shows that at both loci, ALS4 patients have significantly (P<0.03) fewer R-loops compared to controls. Then by S9.6 DRIP-seq, we confirmed that the R-loops in the promoters are the only ones in BAMBI gene that differ between patients and controls ( Figure 4C ).
To assess whether having fewer R-loops at the BAMBI promoter region accounts for the lower BAMBI expression in ALS4, we perturbed R-loops with a protein other than senataxin. We overexpressed RNase H1 ( Figure S4A ), which cleaves RNA in R-loops (Cerritelli and Crouch, 2009; Drolet et al., 1995) . As expected, this leads to fewer R-loops in β-actin and the BAMBI promoter region ( Figure 4D ). We then measured BAMBI expression, and found that with reduced R-loops from RNase H1 overexpression ( Figure 4D , Figure S4B ), BAMBI transcript and protein levels were significantly lower (P<0.03; Figure   4E , 4F; Figure S4C ). We assessed cells up to 72 hours following RNase H1 overexpression; as the RHaseH1 level increases, we saw a corresponding decrease in BAMBI expression ( Figure 4G ). These results support that reduced R-loop formation at the gene promoter accounts for the lower expression of BAMBI in ALS4 patients. Additionally, we measured BAMBI expression in cells where we overexpressed the mutant L389S senataxin, and found that the overexpression of mutant senataxin resulted in significantly lower BAMBI expression ( Figure 4H ). As noted above, the overexpression of this mutant form of senataxin resulted in fewer R-loops ( Figure S4B) . Together, the results show by lowering R-loops with either RNase H or senataxin, we lowered BAMBI expression.
R-loops repel DNMT1
Next, we sought to determine how R-loops affect gene expression. Previous studies demonstrated that DNA methylation silences BAMBI in cancers (Khin et al., 2009; Marwitz et al., 2016) . Chédin and colleagues showed that R-loops are correlated to de novo methylation in development (Ginno et al., 2012) . However, if and how R-loops affect DNA methylation in human cells more generally remain unknown. This prompted us to ask whether R-loop abundance could affect promoter methylation and thus BAMBI expression.
To address this, first we compared promoter methylation in patients and controls by MethylC-seq (Urich et al., 2015) . Results showed methylated cytosines in the same region of the BAMBI promoter as found by the ENCODE consortium (ENCODE Project Consortium, 2011) . With that confirmation, we compared BAMBI promoter methylation in ALS4 cells to controls, and found that the ALS4 patient cells have more methylated cytosines at the BAMBI promoter ( Figure 5A ).
To examine methylation of the BAMBI promoter region more closely, using several methods, we confirmed that BAMBI expression is repressed by DNA methyltransferase 1 (DNMT1). We treated fibroblasts with 5-Aza-C, which inhibits DNMT activity (Robert et al., 2003) . 5-Aza-C treatment resulted in reduced methylation at the BAMBI promoter, and increased gene expression level ( Figure S4D ) thus providing evidence for methylationdependent expression of BAMBI. Then, we asked which enzyme methylates BAMBI in fibroblasts. Given that these are cells from adults, DNMT1 should be the predominant methyltransferase; we confirmed this by measuring DNMT expression levels. While DNMT1 is expressed, DNMT3 proteins are not expressed in the fibroblast ( Figure S4E ). Next, we showed by chromatin immunoprecipitation that DNMT1 binds to the BAMBI promoter region ( Figure S4F ). There is significantly more DNMT1 binding to BAMBI promoter in ALS4 cells compared to control ( Figure 5B), consistent with higher methylation levels in ALS4 cells ( Figure 5A ). To be certain that DNMT1-mediated methylation influences BAMBI expression, we knocked down DNMT1 by RNA interference ( Figure 5C , top). The expression of BAMBI was significantly higher after DNMT1 knockdown (t-test, P<0.05) ( Figure 5C , bottom). Together, these results showed that DNA methylation mediated by DNMT1 silences BAMBI expression.
Then, to check that R-loop affects DNMT1-mediated methylation, we overexpressed RNase H1 and assessed binding of DNMT1 by DNM1-ChIP (O'Hagan et al., 2011) . With fewer Rloops ( Figure 4D ), we found there was an increased in DNMT1 binding to the BAMBI promoter ( Figure 5D , top) and a corresponding increase in methylation ( Figure 5D , bottom). The resulting increase in promoter methylation accounts for the lower BAMBI expression ( Figure 4E ). In addition, we knocked down DNMT1 and then overexpressed RNase H1. When DNMT1 was knocked down, overexpression of RNase H1 did not repress BAMBI expression ( Figure 5E ), thus confirming that the effect of R-loops on BAMBI expression is mostly through DNMT1-mediated methylation.
Next, we asked how R-loops influence methylation of the BAMBI promoter region. To address this, we first examined whether DNA methyltransferase activity differs based on nucleic acid substrates, in particular, double-stranded DNA versus RNA/DNA hybrids in Rloops. We used a competitive immunoassay to assess the activity of recombinant DNMT1 on immobilized CpG-rich sequences, with double-stranded DNA or corresponding RNA/DNA hybrids as competitors. Binding of the methyl-C binding protein to immobilized substrates provides a colorimetric readout. We used the same oligomers as those used to characterize R-loops in previous studies as competitors to the CpG substrate (Haruki et al., 1997) . The results showed that DNMT1 activity is about 2.5 times higher on double-stranded DNA than on the RNA-DNA hybrids ( Figure 6A ). Second, by electrophoretic mobility gel shift assay (EMSA), we asked if there is a difference in DNMT1 binding to double-stranded DNA versus RNA/DNA hybrids. Probes corresponding to the BAMBI promoter were used. The results show that DNMT1 binds more avidly to dsDNA than RNA-DNA hybrids ( Figure  6B ). To confirm this finding, we used biolayer interferometry to evaluate DNMT1 binding and confirmed that DNMT1 has higher affinity for double-stranded DNA than its corresponding RNA/DNA hybrids ( Figure 6C and Figure S4G ). Together, results from these in vitro assays ( Figure 6C and Figure S4G ) show that the preferred substrate of DNMT1 is double-stranded DNA. Along with our genetic knockdown of DNMT1, RNase H1 overexpression, and in vivo DNMT1 chromatin immunoprecipitation assays, these studies show that in cells with more R-loops, there is less DNMT1-mediated gene silencing of BAMBI. Since our patients in contrast have fewer R-loops, their BAMBI promoter is mostly double-stranded DNA, the preferred substrate of DNMT1, which facilitates DNMTmediated methylation-induced silencing. To confirm that promoter methylation silences BAMBI expression, we studied nascent transcript of BAMBI by nuclear run-on assay followed by PCR. We compared the abundance of nascent transcripts of BAMBI in cells from patients and controls, and found that ALS4 cells have significantly (P<0.01) fewer nascent BAMBI transcripts ( Figure 6D ).
Together, these results indicate that R-loops facilitate transcription by preventing DNA methylation. The reduction of R-loops in ALS4 allows DNA methylation and silencing of BAMBI, which promotes TGFβ signaling.
R-loops reduce promoter methylation of more than 1,200 human genes
Next, we asked whether R-loops regulate gene expression through DNA methylation at other genes. We searched globally for genes like BAMBI that have R-loops and high GC content in their promoter regions. In normal human primary fibroblasts, we carried out DNA-RNA immunoprecipitation with the S9.6 antibody followed by sequencing (DRIP-seq). The results identified 3,257 genes with R-loops at their promoter regions. Among these gene promoters with R-loops, 1,386 are GC-rich (GC% ≥ 0.6) like the BAMBI promoter. Figure   7A (top) is a metagene plot of R-loops at these 1,386 GC-rich gene promoter regions. Some representative examples of genes are shown in Figure S5A . We also carried out DRIP-seq with ALS4 fibroblasts. Comparison of the metagene plots from normal and ALS4 cells confirms that ALS4 cells have fewer R-loops in these gene promoters (Figure 7A, bottom) .
We then asked whether as with BAMBI, R-loops prevent DNA methylation at these gene promoters. We abolished R-loops by overexpression of RNase H1, and measured the effects on DNA methylation and gene expression. Overexpression of RNase H1 led to a significant increase (t-test, P<0.001) in promoter methylation, specifically 89% (1,240) of the genes showed an increase (≥ 2.5 fold) in methylation levels (Table S2) . Results from methylC-seq at 24 and 48 hours following RNase H1 overexpression show significantly higher methylation levels at both time-points ( Figure 7B ). Thus, like in BAMBI, R-loops decreases promoter methylation of these genes. The R-loops, and methyl-C patterns on these genes can be viewed and downloaded on the UCSC genome browser, https://goo.gl/O9psQi. Some representative examples are shown in Figure S5B . To assess the consequence of R-loop dependent methylation, we measured expression levels of these genes before and following RNase H overexpression. Promoter methylation decreases transcription; even though we do not expect RNase H1 overexpression to decrease the expression of all genes as steady-state gene expression levels are determined by transcription and degradation, we expect a trend towards lower gene expression. Indeed, we found the expression levels of most (73%) of the genes with promoter R-loops that showed changes in gene expression were reduced following RNase H1 overexpression ( Figure 7C , Figure S5C ). Together, these results uncover that R-loops promote transcription of over 1,200 genes by preventing DNA methylation-directed gene silencing.
Discussion
In conclusion, our study of an autosomal dominant form of ALS uncovered a function of Rloops. These three-stranded nucleic acid structures trail the RNA polymerase as negative helical torsion created by the transcribing polymerase complex leads to DNA strand separation, thus allowing the nascent RNA and its DNA template to form an RNA-DNA hybrid. R-loops have generally been considered as by-products of transcription without a defined functional role. However, studies have suggested that they may affect transcription (Finkel et al., 2010; Ginno et al., 2012; Steinmetz et al., 2006) . Here we provide an example of R-loop-mediated gene regulation, where R-loops protect gene promoters such as that of BAMBI from DNA methylation. This unveils yet another regulatory role of RNA. We show that in human cells, nascent RNA positively regulates its own transcription by forming Rloops to protect its DNA template from methylation-mediated gene silencing. DNA methyltransferases bind less avidly to RNA/DNA hybrids than double-stranded DNA; thus, when R-loops accumulate at gene promoters, there is less DNA methylation. Other forms of RNA-mediated post-transcriptional gene regulation such as RNA-directed gene silencing in plants and mammalian cells are known (Hammond et al., 2000; Jones et al., 1999; Tuschl et al., 1999; Wassenegger et al., 1994) . The regulation by R-loops uncovered here is different. We show that R-loops promote transcription, in contrast to RNA-mediated silencing which regulates transcription negatively. In addition, regulation by R-loops uses just the nascent RNA strands while the RNA-directed DNA silencing requires RNA interference to generate the regulatory RNAs.
Our finding illustrates the importance of nucleic acid structure in gene regulation. R-loops are common; we found them at the promoters of over 3,000 genes. Our results show that they influence gene expression by limiting DNA methylation. We expect that DNMT1 is not the only protein whose activity is influenced by R-loops; thus, there is much to uncover on R-loops' regulatory function. Recent methods, such as those by Fu and colleagues (Chen et al., 2017) offer an alternate technique for detection of R-loops in addition to the S9.6 antibody, are important steps to facilitate further studies. Most gene regulation studies focus on sequences as sites for binding of regulatory proteins. To obtain a more complete understanding of gene regulation, we must move beyond sequences to include structures and topologies in determining nucleic acid-protein interactions.
Our results also provide mechanistic insights into the role of TGFβ in motor neuron diseases. There is accumulating literature that associates TGFβ with motor neuron function and diseases. However, it has not been clear whether the disruption of TGFβ signaling is the cause or the consequence of motor neuron dysfunction. Here, we showed that the mutation in ALS4 allows methylation of the BAMBI promoter, which alters expression of genes in the TGFβ pathway. The activated genes include ID1, ID2 and IGF1, which play critical roles in neurons (Shah et al., 1996; Vierbuchen et al., 2010) . By showing that excessive activation of TGFβ is associated with motor neuron degeneration, our results have implications beyond ALS4 to more common forms of ALS and other motor neuron diseases. Our results illustrate that by altering R-loop levels, the senataxin mutation in ALS4 leads to disruption of transcription and abnormal TGFβ signaling, which might result in motor neuron dysfunction and death. Table   REAGENT 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Vivian G. Cheung (vgcheung@umich.edu).
Participant recruitment
Eighteen ALS4 patients were identified by genetic testing and confirmed to have the SETX mutation at codon L389S. 14 related and unaffected control subjects were similarly tested. All subjects received clinical evaluations at the National Institutes of Health in Bethesda, MD under IRB-approved protocol 00-N-0043 "Clinical and Molecular Manifestations of Inherited Neurological Disorders." Written informed consent was received from all participants prior to inclusion in the study.
Sample collection and processing
All subjects completing the biopsy received 1% lidocaine local anesthesia. Dermal skin fibroblasts were obtained by 3mm punch biopsy of the anterior forearm and subsequently expanded in media containing DMEM with 10% fetal bovine serum and passaged at a 1:3 splitting ratio using Trypsin-EDTA (0.25%) and grown at 37°C with 5% CO 2 . All experiments were performed on patient cells with less than 10 passages. ALS4 patient postmortem spinal cords were obtained from a 68 y/o female, 88 y/o female, and 60 y/o male subject affected with typical features of the disease. Control samples were obtained from the Brain Endowment Bank at the University of Miami from healthy controls; 48 y/o female and a 58 y/o male.
MRI Imaging
The patients completed brain and leg imaging in a 1.5-T MR scanner. T1 images of the thigh were reconstructed with a slice thickness of 10 mm. The processing of images was performed as previously described (Kovacs et al., 2016) . Briefly, a fuzzy c-means algorithm was used to define muscle and adipose tissue. Cortical bone and bone marrow were segmented out, and adipose tissue was divided into subcutaneous adipose and intermuscular adipose tissue (IMAT). Muscle, fat, and total thigh volumes were calculated from images collected at distance of 6 cm proximal and distal to the midpoint of the thigh.
Immunohistochemistry
Lumbar spinal cord and Brodmann area 4 motor cortex samples were fixed in formalin and paraffin embedded (FFPE). FFPE blocks were then sectioned at 5 μm thickness and dried at room temperature. Sections from each block were stained with Hematoxylin and Eosin (H&E). Subsequently, deparaffinization, antigen retrieval specific to each antibody and immunostaining was performed with a Leica Bond Max IHC automated stainer in the Neuropathology Unit of the Surgical Neurology Branch, NINDS. Tissue slides were stained with 1:500 S9.6 antibody (gift of Dr. Stephen Leppla), 1:100 NeuN (Millipore), 1:1000 pSMAD2/3 (Cell Signaling Technologies), and 1:50 BMP2 (LSBio). RNase H1 treatment was performed overnight in a humidified chamber at 37°C using 40 nM human RNase H1 (gift of R. Crouch Lab, NICHD/NIH) in reaction buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM MgCl 2 , 10 mM DTT). Mock digestion was performed in parallel using the same reaction and buffer conditions without RNase H1. Imaging was performed with a Nikon Eclipse Ti inverted microscope. Image quantification analysis using ImageJ was performed blinded with a sampling of 10 fields per sample, and 10 to 15 cells analyzed per field. S9.6 and pSMAD2 were quantified within the nuclei of cells, and total cell area quantified for BMP2 staining.
Expression levels of SETX Isoforms
Primers specific for various isoforms of SETX were designed and ordered from Integrated DNA Technologies. PCR reactions were carried out using FastStart PCR Master Mix (Roche) and analyzed by agarose electrophoresis. Sequence of each PCR product was validated by Sanger Sequencing. Senataxin primers used are as follows: Total SETX (exon
13,14) (F-5′-AAGCCATGTCTCTGTTGGGT 3′, R-5′
GGCAACTGATGGTGAGTGTT-3′), exon 23,25 (F-5′-AGGCCCAGAAGACGATGATT-3′, R-5′-TACTTGGCTCGTGTGATGGT-3′), exon 26,27 (F-5′-TTCAGCCCAGAACCCAAGTA-3′, R-5′-CTCTGGGGCTATGGTAGGAG-3′), and HPRT1 (F-5′-CCTGGCGTCGTGATTAGTGA-3′, R-5′-TCTCGAGCAAGACGTTCAGT-3′). Protein level of total SETX in fibroblasts was measured by western blot using specific antibody (Bethyl).
S9.6 Dot Blot
Genomic DNA containing R-loops was incubated with 1 μl of RNase H1 (gift from Crouch lab) or mock digestion in 1X RNase H reaction buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM MgCl 2 , 10 mM DTT) at 37°C for 12 hours. DNA was phenol extracted, ethanol precipitated, and reconstituted in 10 μl TE buffer. 5 μl DNA solution was loaded to Hybond N+ nylon membrane (GE Life Sciences) presoaked with PBS, and crosslinked in UV Stratalinker 2400 (Stratagene) at the "Auto Crosslink" setting (1200 μJoulesX100). The membrane was blocked in 5% milk in PBS-0.1% Tween-20 for one hour and incubated with 1:1000 S9.6 antibody overnight at 4°C to detect RNA-DNA hybrids. A duplicate blot was incubated with anti-dsDNA antibody (ABCAM) as loading control. Double-stranded DNA, double-stranded RNA and RNA-DNA hybrid controls were annealed using synthetic oligos reported previously (Haruki et al, 1997) . ssRNA, top strand: 5′-UGGGGGCUCGUCCGGGAUAUGGGAACCACUGAUCCC-3′; ssDNA, top strand: 5′-TGGGGGCTCGTCCGGGATATGGGAACCACTGATCCC-3′; ssDNA, bottom strand: 5′-GGGATCAGTGGTTCCCATATCCCGGACGAGCCCCCA-3′; ssRNA, bottom strand: 5′-GGGAUCAGUGGUUCCCAUAUCCCGGACGAGCCCCCA-3′.
Immunofluorescence
Fibroblasts were fixed with 4% paraformaldehyde for 15 minutes at room temperature, then washed three times with phosphate-buffered saline (PBS). Slides were then placed in blocking solution (5% normal goat serum, 0.3% Triton X-100 in PBS) for one hour at room temperature. Primary antibody staining was done at 4°C overnight in PBS with 1% bovine serum albumin and 0.3% Triton X-100 using 1:500 S9.6 antibody, 1:500 pSMAD2 antibody, or 20 μg/ml of BAMBI polyclonal antibody. Slides were then washed three times with PBS for 5 minutes each, incubated with 1:500 secondary antibody (Invitrogen) for two hours at room temperature in the dark, and then washed three times with PBS for 5 minutes each before DAPI nuclear staining. Imaging was performed with a Leica DMI 6000CS laser confocal microscope with a Leica HCX PL APO 40X oil objective. Quantification of staining was performed blinded using ImageJ quantification. For S9.6 and pSMAD2 staining, only nuclear signal that co-localizes with the DAPI was quantified. For BAMBI staining, total cell area was quantified. 10 fields of view were analyzed for each sample with 15-20 cells per field for S9.6 and 8 fields of view with 15-20 cells per field for pSMAD2 and BAMBI.
mRNA expression analysis
Primary fibroblasts were homogenized in 500 μl TRIzol reagent (Invitrogen) and centrifuged for 10 min at 4°C. 100 μl chloroform was added to the supernatant, and the mixture was vortexed and spun down again. The aqueous phase was transferred to a separate tube with 250 μl isopropanol and 50 μl 3 M sodium acetate. The RNA was precipitated, washed with 70% ethanol, and resuspended in water. The sample was then purified using the RNA-clean up kit (Qiagen). 1 μg total RNA was converted to cDNA using the High Capacity cDNA Reverse Transcriptase kit (Applied Biosystems).
Human TGFβ/BMP Signaling Pathway RT 2 Profiler PCR Array (PAHS-035Z, Qiagen) was used to measure gene expression. RNA was purified from fibroblasts of five controls and five ALS4 patients. 500 ng purified RNA was reverse transcribed using RT 2 First Strand Kit (Qiagen) protocol. cDNA was measured on the array according to manufacturer protocol for RT 2 Profiler PCR Array. Each sample was measured in duplicates and the average Ct value was normalized to that of the housekeeping gene RPLP0. Fold change was calculated based on the average of the normalized Ct values. To further validate gene expression level of BAMBI, TaqMan probe (Hs03044164_m1) was used to determine the mRNA levels of BAMBI. HPRT1 TaqMan probe (Hs02800695_m1) was used as a housekeeping gene control. The qPCR was run on QuantStudio 6 Flex Real-Time PCR System (ThermoFisher Scientific). Each sample was measured on same plate in triplicates, and the average Ct value of the three technical replicates was determined for each sample. Pooled human tissue RNA for SETX expression characterization was obtained from Clontech and evaluated using TaqMan probe (Hs00981128_m1).
Sequencing libraries were prepared from total RNA from 3 patients and 3 controls using TruSeq Stranded Total RNA Library Prep Kit (Illumina). Sequencing was performed on Illumina HiSeq 2500 and >150 million 100-nt reads were generated from each sample. Lowquality bases were trimmed from the 3′ end of reads and 3′ adapter was trimmed using FASTQ/A Clipper with default settings (Hannon lab). Reads shorter than 35 bp were excluded from analysis. Sequencing reads were aligned to human reference (HG18) using GSNAP (Version 2013-10-28) (Wu and Nacu, 2010) using the following parameters: Mismatches ≤ [(read length+2)/12-2]; Mapping score ≥ 20; Soft-clipping on (-trimmismatch-score=−3). Reads counts from each samples were normalized to total number of mapped reads. Gene expression levels (RPK) were then calculated using the RUV (remove unwanted variation) method (Risso et al., 2014) . Genes with RPK>5 were defined as "expressed genes". Expressed genes with fold differences (ALS4/control) ≥1.5 or ≤0.67 were identified as differentially expressed genes. Gene ontology analysis was carried out using Ingenuity Pathway Analysis (IPA) software (Qiagen).
GC content analysis
GC content at promoters was analyzed similarly to Ginno et al, 2012 . Promoter sequence (TSS±500bp) of 23,682 genes (including BAMBI) was downloaded from RefSeq, excluding genes that are within 1kb of neighboring genes. GC content in a 50bp sliding window for each promoter was computed: GC% = [(G+C)/(G+C+A+T)]%; GC skew = (G−C)/(G+C). The GC% and GC skew at the BAMBI promoter, and their median levels (+/− 10 %) for 23,682 gene promoters, are shown in Figure 4A .
RNase H1 and SETX overexpression
Primary human fibroblasts were trypsinized and seeded at 80% confluency for 18 hours before transfection. Overexpression plasmid of GFP-tagged human RNase H1 (gift from Crouch lab) or vector expressing GFP alone was transfected into human primary fibroblasts using Lipofectamine 3000 reagent (Invitrogen). Cells were harvested 24~72 hours post transfection. Overexpression of RNase H1 was validated by quantitative PCR and western blot (anti-RNase H1 from Novus). Wildtype SETX was cloned in overexpression plasmids with N-terminal or C-terminal Halo tag (Promega). The L389S mutation of SETX was generated by site-directed mutagenesis (QuikChange kit, Agilent). Sequence of all constructs was confirmed by Sanger sequencing. Overexpression plasmids of WT and L389S senataxin were transfected to HEK293 cells. Protein expression level of SETX was quantified by western blot using Halo antibody (Promega). Cells harvested 48 hours post transfection were analyzed by immunofluorescence and dot blot using S9.6 antibody.
Overexpression plasmids with N-terminal or C-terminal Halo tag showed similar results. Data from C-terminal Halo tag plasmids were shown.
DNMT1 and BAMBI siRNA knockdown
Primary fibroblasts were seeded at 2 × 10 5 per well in 6-well dishes. Cells were transfected with 20 nM siRNA against DNMT1 (pool of Dharmacon A-004605-14 and A-004605-16) or non-targeting control siRNA (Dharmacon D-001910-10-20) using Lipofectamine RNAiMax. Cells were harvested for expression analysis 72 hrs post-transfection. For experiments with RNase H1 overexpression, cells were transfected with GFP-RNase H1 24 hrs after siRNA transfection, and grown for an additional 48 hrs prior to harvest. For BAMBI knockdown, primary fibroblasts were seeded at the density above and transfected with siRNA against BAMBI (pool of Dharmacon A-019596-25, A-019596-26, A-019596-27, and A-019596-28) or non-targeting control siRNA using Lipofectamine RNAiMax. Cells were transfected with 10 nM siRNA at time 0 and 24 hours, and then collected at 48 hours. Fibroblasts were fixed with 4% paraformaldehyde for immunofluorescence analysis or collected in TRIzol for RNA extraction and RT-PCR analysis.
DNA-RNA hybrid immunoprecipitation (DRIP)
Immunoprecipitation procedure was adapted from previous studies (Skourti-Stathaki et al., 2011) . 5×10 6 primary fibroblasts were lysed in 600 μl cell lysis buffer (50 mM PIPES, pH 8.0, 100 mM KCl, 0.5% NP-40) and nuclei were collected by centrifugation. Nuclei pellet was resuspended in 300 μl nuclear lysis buffer (25 mM Tris-HCl, pH 8.0, 1% SDS, 5mM EDTA). Genomic DNA, along with R-loops was then extracted by phenol:chloroform and precipitated by ethanol. Purified DNA was resuspended in IP dilution buffer (16.7 mM TrisHCl, pH 8.0, 1 mM EDTA, 0.01% SDS, 1% Triton-X100, 167 mM NaCl) and sonicated 15 minutes in Bioruptor (Hi setting, 30sec on/30sec off) to fragments with average size of 500 bp. 3 μg of S9.6 monoclonal antibody (gift from Dr. Stephen H. Leppla at NIH) or nonspecific mouse IgG (Santa Cruz) was used for each immunoprecipitation. Input and precipitates were analyzed by quantitative PCR using primers. BAMBI promoter: F-5′ CCCTGGGGGTTCCAGAAAAC 3′; R-5′ CTCGGGTGGTCAGCGTTC 3′ BAMBI intron: F-5′ TTACAGAGGGCTGCACGATG 3′; R-5′ AGAAACGGCTTCCACCTACC 3′. Control primers for known R-loops: ACTB R-loops: F-5′ TTACCCAGAGTGCAGGTGTG 3′; F-5′ CCCCAATAAGCAGGAACAGA 3′; ACTB intron: F-5′ CGGGGTCTTTGTCTGAGC; R-5′ CAGTTAGCGCCCAAAGGAC.
Sequencing libraries were prepared from input and DRIP DNA using Ovation Ultralow System (NuGen) and sequenced on Illumina HiSeq 2500 platform. An average of 100 million 100 nt reads per sample were generated. Sequencing reads were pre-processed to remove adapter sequences from the end of reads using the program fastx_clipper from FASTX-Toolkit (Hannon Lab). Low-quality sequences at ends of reads represented by stretches of "#" in the quality score string in FASTQ file were also removed. Reads shorter than 35 nt after trimming were excluded from analysis. Sequencing reads were then aligned to human reference HG18 using GSNAP (Version 2013-10-28) (Wu and Nacu, 2010) using the following parameters: Mismatches ≤ [(read length+2)/12−2]; Mapping score ≥ 20; Softclipping on (-trim-mismatch-score=−3). Reads with identical sequences were compressed into one unique sequence. We focused on R-loop signal at promoter (500 nt upstream to 500 nt downstream of transcription start site). Read counts were normalized as number of reads per million of uniquely mapped reads (RPM). Fold enrichment = (RPM in DRIP/RPM in input). An R-loop peak was determined as a region larger than 100 nt and ≥2 fold enrichment.
To obtain distribution profile across the whole gene, metagene analysis was carried out as previously described with modification (Kwak et al., 2013) . Specifically, each gene was scaled to a "3kb-long metagene", with promoter region defined as TSS-500bp to TSS +500bp, 3′ UTR defined as 3′end CPS+1kb, and gene body of all genes with various length scaled to 1kb. Genes that are less than 1kb in length or are closer than 1kb to nearby genes were excluded from analysis. Each gene is divided into 300 bins (100 bins each for promoter, gene body and 3′UTR). Number of sequencing reads mapped within each bin was normalized by total million number of mapped reads (RPM). Sequencing data from IP and input were computed by same method and were shown in parallel. For the 1,386 genes with GC-rich promoters, RPM within each bin was computed and plotted in Figure 7A . For metagene profile in Figure 4C , RPM value of BAMBI was shown. A smoothing window of 200 bp was used in plotting.
DNMT1 Chromatin Immunoprecipitation (ChIP)
ChIP was performed in skin fibroblasts with chromatin crosslinked in 1% formaldehyde in PBS for 10 min at room temperature. Nuclei were isolated by rotating crosslinked cells for 10 min at 4°C in 5 ml lysis buffer 1 (50 mM Hepes pH 7.6, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100) followed by 10 min rotating in 5 ml lysis buffer 2 (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris, pH 8). Nuclei swelled in lysis buffer 3 (10 mM Tris, pH 8, 1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 0.1% deoxycholic acid, 10% N-lauryl sarcosine) for 10 min, then were sonicated to shear chromatin to < 500 bp in a Diagenode Bioruptor. 50 μg sheared chromatin was immunoprecipitated in RIPA buffer (50 mM Tris, pH8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with 5 μg of antibody against DNMT1 (Millipore) or IgG (Biolegend). Bound DNA was recovered with 40 μl protein G beads, then washed in low salt RIPA (150 mM NaCl) and high salt (500 mM NaCl) RIPA, then eluted twice in 50 μl elution buffer (1% SDS, 0.1 M sodium bicarbonate). Eluates were combined and crosslinks reversed overnight at 65°C. Samples were treated with proteinase K (0.5 μg/μl) at 55°C for 2 hours, then purified over Qiagen PCR purification columns. Isolated DNA was quantified by qPCR with values reported as average ±SEM of triplicate or quadruplicate quantification. Primers. BAMBI promoter: F-5′ CCCTGGGGGTTCCAGAAAAC 3′; R-5′ CTCGGGTGGTCAGCGTTC 3′; BAMBI intron: F-5′ TTACAGAGGGCTGCACGATG 3′; R-5′ AGAAACGGCTTCCACCTACC 3′.
Nuclear Run-On Assay (NRO)
Nuclear Run-On was carried out as previously reported (Kwak et al., 2013) . Briefly, 2×10 7 primary fibroblasts were washed with 20 ml of ice-cold PBS and resuspended in 10 ml lysis buffer [20 mM Tris-HCl pH 7.4, 150 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, 0.5% Igepal CA-630, 1X Complete Protease Inhibitor Cocktail (Roche) and 4 units/ml RNAseOUT (Invitrogen)]. Cell suspension was incubated on ice for 10 minutes before nuclei were centrifuged by 500 × g for 1 min at 4°C. Pellets containing nuclei were washed carefully with 10 ml ice-cold lysis buffer, collected by centrifugation (500 × g, 1 min, 4°C). 5×10 6 nuclei were added to the same volume of 2X Nuclear Run-On reaction mixture (10 mM Tris-HCl pH 8.0, 300 mM KCl, 1% Sarkosyl, 5 mM MgCl 2 , 1 mM DTT, 0.03 mM each of biotin-11-A/C/G/UTP (Perkin-Elmer), 0.4 U/μl RNase inhibitor) and incubated for 3 min at 37°C. Nascent RNA was extracted using Trizol and precipitated in ethanol. Extracted nascent RNA was fragmented by base hydrolysis in 0.2 N NaOH on ice for 15 min, and neutralized by 0.68X volume of 1 M Tris-HCl pH 6.8. Fragmented nascent RNA was purified using 30 μl of Streptavidin M-280 magnetic beads (Invitrogen) following the manufacturer's instructions three times. NRO transcripts were quantified by RT-quantitative PCR using the following primers. BAMBI: F-5′-GCGCGGAGCCGGAGAGAC-3′; R-5′-CAGCTCCCGCCCGCGCCA 3′. ABL1: F-5′-CGAGGGCGTGTGGAAGAA-3′; R-5′ GTCTTCACGGCCACCGTC-3′.
MethylC-Seq
100 ng genomic DNA purified from primary fibroblasts was incubated with 130 μl CT conversion reagent (Zymo Research, EZ DNA Methylation-Gold Kit) at 98°C for 10 min and 64°C for 2.5 hours. Bisulfite-treated DNA was purified by Zymo-Spin IC Column and eluted in 10 μl elution buffer. Bisulfite-treated DNA was ligated to adapters and amplified following Illumina protocol (Tru-seq DNA Methylation Kit). To analyze effect of 5-Aza-C, primary human fibroblasts were treated with 10 μM 5-Aza-C (Sigma) or mock buffer for 24 hours before harvest. Treated cells were then analyzed by MethylC-Seq.
MethylC-seq libraries were sequenced on Illumina HiSeq 2500 platform. Low-quality bases were trimmed from the 3′ end of reads and 3′ adapter was trimmed using FASTQ/A Clipper with default settings (Hannon lab). Reads shorter than 35 bp were discarded. Sequencing reads were aligned to human reference (HG18) by Bismark (Krueger and Andrews, 2011) using default parameters. For each samples from the 5 patient cells and 5 normal controls, 120 ~ 150 million reads were uniquely aligned. We focused analysis on gene promoters (500 nt upstream to 500 nt downstream of TSS) and counted reads that were aligned to the promoter regions using SAMtools. Average sequencing depth of cytosines in the promoter regions are is 5.8×. The sequence coverage for the samples in RNaseH time course experiment is very similar, and the same analysis method was used. Methylation level at each cytosine was calculated as the ratio between the number of reads with methylated cytosine and total number of reads i.e. those with methylated and non-methylated cytosine: Methyl-C level (%) = (#methylated Cytosine)/(#all Cytosine). Average methyl-C levels of 5 controls and 5 ALS4 patients at each position within BAMBI promoter were calculated and plotted ( Figure 5A, top panel) . Methyl-C levels of each individual were also shown in a heatmap ( Figure 5A , bottom panel): the BAMBI promoter region (TSS±500bp) was divided into 100 bins of 10-bp size; then, the average methyl-C level within each bin was computed, and shown in a heatmap; each row represents an individual.
dsDNA and RNA/DNA hybrids representing BAMBI promoter
The biotinylated and non-biotinylated BAMBI dsDNA 600-mers were prepared using the following primers:
The 600 nt RNA transcript was generated from an aliquot of the BAMBI dsDNA using the MEGAscript T7 Transcription kit (ThermoFisher Scientific). In another aliquot of the dsDNA, the ~20 bp T7 RNA polymerase promoter was removed by SfcI digestion (NEB, catalog # R0561S), and this dsDNA and the transcribed RNA were denatured, and then annealed in 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 50 mM NaCl by holding at 95°C for 5 min, followed by slow cooling. Any reannealed dsDNA was removed by HpaII digestion (NEB, catalog # R0171S) and the RNA/DNA duplex was isolated using agarose gel electrophoresis.
DNMT1 Assay and EMSA
A commercial DNMT Activity/Inhibition Assay (Active Motif, #55006) was used to quantify DNMT1 binding and activity. In this assay, we pre-incubated dsDNA or RNA/DNA hybrid with recombinant DNMT1, and then measured the methylation of CpG-rich sequences that were immobilized on 96-well plates. DNMT1 transfers the methyl group from S-Adenosyl methionine (SAM) supplied in the reaction to the immobilized DNA, and the methylated cytosine was quantified by ELISA with a specific methyl-binding protein and HRP-conjugated antibody. 500 ng of recombinant DNMT1 (Active Motif) was incubated with a titration of dsDNA or RNA/DNA hybrid at 25°C for 30 min in 10 μl binding buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl). Methylation level of CpG nucleotides by DNMT1 was measured on a spectrophotometer at 450 nm following manufacturer's manual. Each reaction was carried out in triplicate. DNMT1 activity on dsDNA or RNA/DNA hybrid was calculated as Activity = 1-(OD 450 of sample with competitor -OD 450 background)/ (OD 450 sample without competitor -OD 450 background). Average and SEM of triplicated assay were reported.
Electrophoretic mobility shift assay was carried out using biotinylated dsDNA or RNA/DNA hybrids with the sequence described above. Serial titrations of recombinant DNMT1 were incubated with 0.1 nM of biotinylated nucleotide substrates in DNMT1 binding buffer (5 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 1 mM DTT, 3% (v/v) glycerol, 100 mM NaCl) in a 10 μl reaction at 25°C for 30 min. For the competition assay, 100 nM of non-biotinylated dsDNA was added to the appropriate tubes and incubated for 15 min before biotinylated substrates were added. The 10 uL samples were mixed with 1.1 uL of Novex Hi-Density TBE Sample buffer (5X) and loaded to 6% DNA retardation gel (ThermoFisher, #EC6365BOX) and run at 100V in 0.5X TBE at 4°C for 1.5 hours. The gel was blotted to Hybond N + nylon membrane in 0.5X TBE at 4°C at 15V for 17 hours. Biotin signal was detected using Chemiluminescent Nucleic Acid Detection Kit (ThermoFisher, #89880).
Biolayer Interferometry
Analysis of dsDNA or RNA/DNA hybrid binding to DNMT1 was carried out using the Octet RED96 system (ForteBio) with sensor detection of the change in wavelength (nm shift). Biotinylated dsDNA or RNA/DNA hybrid at concentrations of 0.625, 1.25, 2.5, and 5nM were immobilized onto a Streptavidin-SA biosensor. Double-stranded DNA, doublestranded RNA and RNA-DNA hybrid controls were annealed using synthetic oligos reported previously (Haruki et al, 1997) . ssRNA, top strand: 5′-UGGGGGCUCGUCCGGGAUAUGGGAACCACUGAUCCC-3′; ssDNA, top strand: 5′-TGGGGGCTCGTCCGGGATATGGGAACCACTGATCCC-3′; ssDNA, bottom strand: 5′-GGGATCAGTGGTTCCCATATCCCGGACGAGCCCCCA-3′; ssRNA, bottom strand: 5′-GGGAUCAGUGGUUCCCAUAUCCCGGACGAGCCCCCA-3′. dsDNA and RNA/DNA hybrid were loaded onto the sensors until saturation. The nucleotide-labeled sensors were then washed with buffer, followed by addition of DNMT1 at concentrations of 5.25, 10.5, 42, and 84 nM. All reactions were tested in TBS buffer (10 mM Tris, pH 7.4, 68 mM NaCl, 0.02% Tween-20). A reference sample of buffer and DNMT1 alone did not show any signal drift. Association and dissociation were monitored for 10 minutes each. All experiments were conducted in the Octet instrument with agitation at 1,000 rpm.
Quantification and Statistical Analysis
Analysis of data from deep sequencing and other experiments was carried out using programs described in "Key resources table" and corresponding sections in STAR methods. Experimental results from replicates are shown as mean ± SEM. In each of the box-whisker plots, middle line of the box represents median value, and upper and lower boundaries of the box represent first and third quartiles. Length of whiskers represents 1.5 times of interquartile range. Student's t-test was used to compare means. In figures where significance is represented by asterisks, * stands for p < 0.05; ** for p < 0.01, and *** for p < 0.001.
Data Availability
The deep sequencing data reported in this paper are deposited in dbGaP via accession number phs001322.v1.p1.
Highlights
• ALS4 patients with the heterozygous senataxin mutation L389S have fewer R-loops;
• Fewer R-loops decreases BAMBI expression which in turn increases TGFβ signaling;
• R-loops decrease promoters methylation thus promoting transcription of human genes. (A) Dot-blot probed with S9.6 antibody shows fewer R-loops in ALS4 fibroblasts compared to control. A duplicate blot was probed with anti-dsDNA antibody as loading control. S9.6 intensity was normalized to that of the dsDNA and average was shown. (n= 3 control & 3 patients; error bars are SEM). * represents P<0.05 (t-test). (B) Immunofluorescence staining of ALS4 fibroblasts shows a significant reduction in nuclear S9.6 signal that co-localizes with DAPI (scale bar = 7.5μm) as compared to controls. n = 3 controls & 3 patients, 10 fields of view were counted per sample and quantified using ImageJ. Arrows indicate nuclear R-loops. R-loop staining with the S9.6 antibody shows a significant reduction of Rloop signal in cell nuclei in the (C) lumbar spinal cord and (D) the motor cortex. NeuN is shown as a control of neuronal nuclei staining. Neuronal nuclei indicated by arrows. n = 2 (A) BAMBI promoter is GC rich and G-skewed in comparison to median levels of all genes annotated in RefSeq. 50-bp sliding windows were used to compute GC% = [(G+C)/(G+C+A +T)]%, and GC skew = (G−C)/(G+C). The GC% and GC skew at the BAMBI promoter (in red), and their median level for all 23,682 promoters (in green) are shown. Shaded area represents the range between 40 th and 60 th percentile. (B) S9.6 DNA-RNA IP followed by quantitative PCR with primers specific to a region containing known R-loops at β-actin or BAMBI promoters (n = 2 controls and 2 patients). Primers specific to intronic regions free ALS4 patients), nascent transcript level was measured by quantitative PCR using primers specific to promoter of BAMBI, and normalized to promoter of a housekeeping gene ABLI that has no R-loops in S9.6 pull-down assay. 
